The pentapeptide proctolin modulates the activity of the rhythmic pattern generators in the crustacean stomatogastric nervous system. Proctolin strongly excites the lateral pyloric and the inferior cardiac neurons of the stomatogastric ganglion (STG), causing them to fire extended high-frequency bursts of action potentials (Hooper and Marder, 1987; Nusbaum and Marder, 1989a,b) . We now report that proctolin depolarizes these cells maximally at membrane potentials close to the threshold for action potential generation.
In voltage clamp, proctolin evokes an inward current, carried at least partially by Na+, that shows strong outward rectification. Removal of extracellular Ca2+ markedly increases the amplitude of the proctolin-evoked current and linearizes its current-voltage curve. The properties of the proctolin current make it ideally suited to contribute to the activity-dependent modulation of the pyloric network of the STG.
The stomatogastric ganglion (STG) of decapod crustaceans contains the networks that generate several different rhythmic motor patterns (Selverston and Moulins, 1987) . These rhythmic motor patterns are modulated by a number of different substances (Marder, 1984 (Marder, , 1987 Flamm and Harris-Warrick, 1986; Hooper and Marder, 1987; Heinzel and Selverston, 1988; Nusbaum and Marder, 1989a,b) , but the cellular mechanisms underlying their actions are largely unknown. Among the substances that modulate the pyloric rhythm of the STG is the pentapeptide proctolin (Arg-Tyr-Leu-Pro-Thr-NH,). Proctolin is found in the stomatogastric system and is contained in two identified cells located in an adjacent ganglion that project into the STG (Nusbaum and Marder, 1989a,b) . The actions of the proctolin-containing neurons are well mimicked by exogenously applied proctolin (Hooper and Marder, 1987; Nusbaum and Marder, 1989b) . Nusbaum and Marder (1989b) showed that the effect of proctolin on the pyloric rhythm depends on the state of the network (as monitored by the frequency of the pyloric rhythm) prior to proctolin application. Specifically, if the rhythm is active, proctolin has little or no effect, but when the rhythm is slow or absent, proctolin strongly excites it (Nusbaum and Marder, 1989b) . Hooper and Marder (1987) showed that proctolin's action on the pyloric network results from the activation of only a few target cells. One of our eventual aims is to understand the cellular mechanisms that underlie the modulation of the motor patterns produced by the STG. To this end, it is important to characterize the properties of the currents either modulated by proctolin or evoked by proctolin in its target neurons. We now present evidence that the action of proctolin on the lateral pyloric (LP) and inferior cardiac (IC) neurons can be explained by its activation of a small inward current that shows strong outward rectification, is reduced by extracellular Ca*+, and, in normal saline, is maximal close to the threshold for action potential generation.
Materials and Methods
STG from crabs, Cancer borealis, were dissected as customary (Selverston and Moulins, 1987) . The data in this article come from more than 70 experiments. The animals were kept in seawater aquaria at 12-I 5°C and the experiments were performed at 9-l 1°C. STG were pinned into Sylgard-lined Petri dishes and desheathed. Cells were identified as described in Hooper et al. (1986) . The STG were surrounded by a small plastic chamber (vol = 300 ~1) to allow fast changes of the STG solution (nerves and other adjacent ganglia remain in normal saline) and superfused constantly with saline through a cooling device using thermoelectric heat pumps (Melcor, Trenton, NJ) at a rate of 7-8 ml/min. Action potential inputs from anterior ganglia were blocked with isotonic sucrose (750 mM) around the stomatogastric nerve (stn). The composition of Cancer saline (in mM) was 440 NaCl, 11 KCl, 13 CaCl, , 26 MgCl, , 5 maleic acid, and 11 Trizma base, . All experiments were performed on LP or IC cells impaled with two micropipettes filled with either 0.6 M K,SO, plus 20 mM KC1 (10-25 MQ resistance) or 2.5 M KC1 (5-15 MB resistance). About 90% of the cells we studied were LP cells, and the remaining were IC cells. All the results here described were found for both cell types.
An Axoclamp 2A (Axon Instruments, Foster City, CA) was used for two-electrode current clamp (2ECC) or two-electrode voltage clamp (TEVC). The voltage clamp was driven with, and the currents and voltages were recorded, stored, and subsequently analyzed on, a computer with the PCLAMP software (version 5.5, Axon Instruments). Voltages and currents were also recorded on line on a Gould 2400 chart recorder (Gould Inc., Cleveland, OH). For TEVC, the gain was set to the instrument's maximum (10, 000 V, , , , , , l V, , , , ; see Axoclamp 2A manual) , and capacitance compensation was used. The ground was a calomel reference electrode connected to the bath through an agar bridge (4% agar in 0.6 M K,SO, + 20 mM KCl). At the end of each experiment, we checked the electrode offset and discarded the results if it exceeded k5 mV.
The cells were pharmacologically isolated (Golowasch, 1990) by first placing the ganglion in 10 PM picrotoxin (PTX; Sigma) and 1 PM TTX (Calbiochem) for 10 min. Subsequently, the saline contained 10 PM PTX and 0.1 PM TTX (see Fig. 1 ). Because all the pyloric neurons are normally active in normal saline (i.e., firing tonically or bursting), we defined the resting potential (V,,,) of the cell as the membrane potential seen in PTX + TTX, which blocks bursting, action potential generation, and synaptic activity. All TEVC recordings were performed in the presence of 10 PM PTX, 0.1 PM TTX, 10 mM tetraethylammonium (TEA;
Sigma), and 200 WM Cd2+ to block the inhibitory synaptic potentials, the fast inward current underlying action potential generation, most of the outward currents (delayed rectifier and Ca2+-activated outward current), and the Ca2+ currents expressed by these cells, respectively (Golowasch, 1990 ). When. Ca2+ was removed, 0.1 mM Ca*+ was retained to ensure cell survival. For Na+ concentration changes, we used N-methyl-D-glucamine (NMDG, Sigma; pH adjusted with HCl) or Tris to replace Na+. Proctohn (Sigma) was dissolved in H,O, and aliquots of 1O-2 M were kept frozen at -20°C. Proctolin was applied by pressure using a Picospritzer II (General Value Corp., Fairfield, NJ) from a pipette filled with a lo-" M solution prepared in either normal saline or the same solution as the bath. No difference was observed between these solutions. The proctolin pipette was moved around over the neuropil area to find the position that elicited the maximal response. One or two responsive spots were typically found in each ganglion. No somatic responses were obtained. Proctolin puffs were typically applied at 4-5 min intervals to allow for full recovery of the response. Normally, this protocol allowed for several hours of work with no deterioration of the responses.
Results
When activity in the nerve connecting the STG to more anterior ganglia (stn) is blocked, the pyloric rhythm often stops. However, if a puff of proctolin is delivered, a short period of pyloric rhythm activity is elicited, as seen in the intracellular recording from the LP neuron shown in Figure 1 To isolate further the neuron from presynaptic inputs and to achieve better voltage control, the preparations were placed in TTX. The bottom trace of Figure 1 shows that the proctolin response in TTX maintains the same essential form and amplitude of that in control saline. The amplitude of the proctolin response varied as a function of membrane potential (V,). Figure 2A shows the response of an LP neuron to puffs of proctolin recorded in 2ECC from a baseline of three different membrane potentials. The response is largest at I', = -60 mV and becomes smaller as the cell is either depolarized or hyperpolarized. Figure 2B shows the peak responses of the same cell as a function of the baseline I',. The maximum response occurs almost exactly at V,,, (see definition in Materials and Methods) of the cell. In current clamp, it was not possible to measure a reversal potential (E,,) since we were unable to hold the cells at voltages more depolarized than around -20 mV or more hyperpolarized than around -90 mV for extended times. Notice, however, the apparent voltage dependence of the response and an apparent extrapolated ERv of around 0 mV. To characterize more accurately the dependence of the proctolin response on voltage, we placed the LP or IC neurons in TEVC and used several different paradigms to describe the proctolin response. To generate the current-voltage relationship for the proctolin current shown in Figure 3 (as well as Figs. 4B, SB), the membrane potential was held (I',,) at -40 mV, and test pulses (I',,,) to various potentials were applied. The same pulse paradigm was repeated in control saline, and in the presence of proctolin. The proctolin-induced current was calculated as the difference between the control and proctolin measurements. Figure 3A shows the superimposed current traces obtained from V, = -40 mV to a V,,, = -50 mV in the absence (CTRL) and in the presence of proctolin (PROC). As can be observed in this example, and was found to be the case at all voltages tested, the rate of activation was relatively fast (faster than the approximately 25 msec that the uncompensated capacitance artifact lasts), and no time-dependent changes in the current were detected either during the 500 msec pulse or following the return to the holding potential (Fig. 3A) . Figure 3B shows the I/ Vcurve of the net proctolin-evoked current (control subtracted) measured at the end of the 500 msec test pulse. This again shows the strong voltage dependence of the proctolin-evoked current, with a clear outward rectification and an E,, of around -10 mV in this cell. Table 1 shows the values of V,,,, the voltage of the peak proctolin response, and the action potential threshold measured for 67 LP neurons recorded either with K,SO, or KC1 electrodes. Note that the potential of the peak proctolin current and the resting potential were within a millivolt of each other but that the recording electrolyte influenced the absolute values of these measurements. Measurements obtained with KCl-filled electrodes were significantly more positive than those obtained with K,SO, electrodes, which suggests an influence of intracellular [Cl-] on both the V,,, and the proctolin-evoked conductance. We attempted to determine the ions carrying the proctolin current by measuring the effects of changing the composition of the extracellular fluid on ETCY. However, our ability to measure E,, accurately was hindered by the large amplitude of the leak current, the outward currents that activate at depolarized membrane potentials (Golowasch, 1990) , and the neuropilar location of the proctolin receptors, which results in a somewhat compromised space clamp in the depolarized range of membrane potentials where the response reverses. However, in control saline, E,, of the proctolin response was -2.9 + 14.7 mV (n = 17).
A decrease in the amplitude of the proctolin-evoked current (Fig. 4A ) and a clear shift of the I/T/ curve to more hyperpolarized values was seen when the extracellular Na+ concentration was decreased to one-half of control values (Fig. 4B) . Additionally, a total block of the response was seen when all the extracellular Na+ was replaced with either Tris or NMDG (not shown). In six cells, we were able to measure the proctolinevoked current's E,, in normal [Na+lou, and in 50% [Na'],,,. In these cells, Em, in control saline was -0.8 f 13.7 mV and E,, in 50% [Na+lou, was -11 .O + 9.2 mV (these values differ sig- Currents were digitally filtered at 1 kHz. A, Raw currents obtained with a pulse from a Vh = -40 mV to a V,, = -50 mV in control saline (CTRL) and during the peak response to a puff of proctolin (PROC). B, Net proctolin evoked currents (PROC minus CTRL) measured in the same cell at the end of the 500 msec pulses, as a function of the test potential.
nificantly, p < 0.05). In contrast, extracellular K+ concentration changes had no apparent effect on the reversal potential of the proctolin response. In current clamp, the response to proctolin at V,,, would be expected to decrease in amplitude as E, is made more negative if the proctolin current was carried partially by K+. Figure 5A shows that even a IO-fold decrease in [K+], did not produce a decrease in the response's amplitude. Figure 5B shows in TEVC that neither the proctolin-evoked current's amplitude nor the Z/V relationship was appreciably affected by changes in extracellular K+. This result was observed in four different cells. Extracellular Cl-concentration changes showed inconsistent results, due probably to a high resting Cl-conductance of these cells (Marder and Paupardin-Tritsch, 1978) . In general, Cl-replacement with methyl sulfate or isethionate had no effect on the proctolin current. However, as mentioned before, both V,,, and the voltage at which the peak proctolin response occurs are about 10 mV more depolarized when these parameters are measured with KCl-instead of K,SO,-filled electrodes (Table 1) . This may suggest a partial contribution of Clto the proctolin current. Together, these data lead us to conclude that the proctolin-evoked current is mainly carried by Na+. . Na+ was also replaced with NMDG. The E, shift was -13 mV.
However, the imprecision in measuring E,,, mentioned above makes it virtually impossible to measure small shifts in E,,, thus impeding us from demonstrating the contribution of other ions to the proctolin current. In fact, the relatively low estimated E,, suggests that this is a mixed cation current, as has been shown for a number of other preparations expressing a current with similar properties (Aldenhoff et al., 1983; Kononenko et al., 1983; Haynes et al., 1986; Nakamura and Gold, 1987; Kehoe, 1990) , with perhaps a small Cl-contribution. Figure 6 shows the effects of divalent cations on the proctolinevoked current. The concentration of divalent cations in the bath was kept constant and equal to the sum of the Ca*+ and Mg*+ ([Ca2+lou, and [Mg2+loUt, respectively) concentrations in normal saline (i.e., 39 mM), with 0.1 mM Ca*+ always present to avoid cell deterioration. An enhanced response was seen only when Mg2+ was the sole divalent cation present. All the other divalent cations tested caused a diminution in the response. Ba*+ and Coz+ had the strongest blocking effect, and their action was less reversible than that of MnZ+ and Ca*+. We were unable The blocking effect of the high Ca*+ (threefold the normal concentration; Fig. 6 , trace 4) and the enhancing effect of the highMg2+/low-Ca2+ solution (bottom trace) suggest that the proctolin-evoked current is blocked by divalent cations other than I%'+, including Ca*+. The question remains whether it is the low [Ca2+loU, or the high [Mg2+],,, in the high-Mg2+/low-Ca*+ solution that accounts for the enhancement of the proctolin current seen in the bottom trace of Figure 6 . Figure 7 shows the effects of [Ca2+]0U, changes with and without compensation with MgCl,. Figure 7A demonstrates that the amplitude enhancement of the current is independent of [MgZ+],, and is only a function of [Caz+]OU,. The I/V curves shown in Figure 7 , B and C, differ in that in Figure 7B no Mg2+ compensation was used for the decreased extracellular Ca2+ while in Figure 7C the total divalent cation concentration was kept constant with the addition of MgCl,. Here we observe that the amplitude of the proctolin-evoked current increased as [Ca2+loU, was decreased, regardless of whether the divalent cation concentration was kept constant, suggesting that this increase was due to the removal of a block of the proctolin current by extracellular Ca2+. In addition, the outward rectification of the current seen in normal divalent cation conditions (13 mM Ca2+/ 26 mM Mg2+) progressively decreased as [Ca2+lout was lowered. The linearization of the NV curve was not complete even at the lowest [Ca2+lou,, however (i.e., 0.1 mM Ca2+ and no Mg2+ compensation; Fig. 7B At the very high ionic strength of the normal crab saline, it is unlikely that a surface charge effect can account for these results. Removal of extracellular Ca2+ has the same effect on the current-voltage relationship of this current with or without compensation with Mg2+, namely, to linearize the strong rectification of the current at negative potentials. Similar, albeit less dramatic, effects of divalent cations have been described for cyclic nucleotide-activated cationic currents of a number of preparations (Haynes et al., 1986; Gillette and Green, 1987; Nakamura and Gold, 1987) . Our results are also strongly reminiscent of the blocking effect by Mg2+ on the NMDA-activated current (Nowak et al., 1984) . This argues that extracellular Ca2+ ions actually block the channels underlying the proctolin-evoked current. These effects of extracellular Ca*+ may play an important physiological role in crustaceans since large changes (between 10% and 100%) of Ca2+ concentration in the hemolymph may occur during molting (Greenaway, 1985) . We suggest that Na+ is the major ion carrying the proctolinevoked current. Extracellular Na+ concentration changes displace the Z/V curve of the proctolin current, and other ions fail to affect the Z/V curve in a manner expected for major charge carriers of this current. However, the low reversal potentials we measure suggest that Cl-or K+ also contributes to this current. The proctolin response that we describe here is similar to that reported by Freschi (1989) in lobster cardiac ganglion neurons except that the peak inward current reported by Freschi (1989) is seen at more depolarized voltages (at about -20 mV in contrast with our result of about -43 mV with KC1 electrodes). It would be interesting to determine whether this difference is an intrinsic difference in the voltage dependence of the proctolinactivated channels in the two preparations, or whether it is somehow a consequence of different divalent concentrations in the salines used in the two studies (our control saline is 13 mM Ca2+, 26 mM Mg2+, whereas that used by Freschi was 25 mM Ca2+, 8 mM Mg*+).
In a number of other preparations, currents with voltage de- pendencies similar to that of the proctolin current are also predominantly carried by Na+ (Aldenhoff et al., 1983; Kononenko et al., 1983; Haynes et al., 1986; Gillette and Green, 1987; Nakamura and Gold, 1987; Ichinose and McAdoo, 1988; Matsumoto et al., 1988; Kehoe, 1990 ) and appear to be mediated by cyclic nucleotide intracellular messengers (Aldenhoff et al., 1983; Kononenko et al., 1983; Connor and Hockberger, 1984; Haynes et al., 1986; Gillette and Green, 1987; Nakamura and Gold, 1987; Ichinose and McAdoo, 1988; Matsumoto et al, 1988; Kehoe, 1990 ).
Proctolin itself has been proposed to act via a CAMP-dependent mechanism (Jennings et al., 1983; Orchard et al., 1989; Bishop et al., 199 1) and via a G-protein (Bittar and Nwoga, 1989) in other preparations. The slow nature of the proctolin response we have described (see Figs. 1, 2A ) also suggests the mediation of a second messenger system, which, based on the existing evidence, may be a cyclic nucleotide or a G-protein.
The possibility remains that, as is the case for many agonistactivated currents, more than one type of proctolin-evoked current exist in our neurons, or that another voltage-activated cur-rent expressed by these cells is modulated by proctolin. The results we have shown were obtained in the presence of TTX, PTX, TEA, and Cd*+, any of which may mask an effect of the peptide on another current. In crayfish skeletal muscle, Bishop et al. (199 1) showed that proctolin modulates the voltage-dependent activation of Ca *+ channels, effects that would have been masked by the Cd*+ we used. Finally, in barnacle muscle fibers proctolin activates a ouabain-insensitive Na+ efflux (Bittar and Nwoga, 1989) an effect that would have been masked by the low Na+ influx due to the presence of TTX in our preparations. However, although it is certainly possible that the proctolin target neurons display an additional proctolin response, we saw no indication that any of the pharmacological agents we used to isolate the proctolin current for study influenced the amplitude or the character of the proctolin response.
The voltage dependence of the proctolin-evoked current makes it ideally suited for its function as a modulator of the pyloric network. We have shown that proctolin can activate an inward current displaying strong outward rectification in its target cells. In normal saline, this current has a maximum amplitude near or at the resting potential of the cell (Table 1) . I',,, is also the point on the I/ Vcurve where the slope conductance is the lowest (90-100 nS; Golowasch, 1990) . Therefore, at this V, a very small current can induce a depolarization of lo-20 mV (see Figs. 1, 2, 4A, %I), which can activate action potentials as well as a host of other voltage-dependent currents (Golowasch and Marder, 1992) .
When the pyloric system is rhythmically activated, all the component neurons, including the LP cell, undergo large input conductance changes, partly driven by synaptic activity and partly by the activation of voltage-dependent conductances (Eisen and Marder, 1982; Miller and Selverston, 1982; Russell and Hartline, 1982) . Under those conditions, the maximum conductance change induced by proctolin (a maximum chord conductance of about 80 nS at an ERv of near 0 mV) will be swamped by the high background conductance and the activation of the proctolin current will have a very small effect. Therefore, the proctolin-evoked current will have a stronger depolarizing effect the lower the background conductance of the cell. Thus, when the pyloric rhythm decreases in intensity and the rhythm slows down, the activation of a small inward current by proctolin will have a depolarizing effect on the LP cell that can make it cross the threshold for action potential generation. Conversely, when the rhythm is strongly active and high background conductances are present, one can expect the proctolin-evoked current to have only a minor effect on the activity of the LP neuron. This, therefore, can contribute to the state (activity)-dependent effect of proctolin (Nusbaum and Marder, 1989b) . Interestingly, Hooper and Marder (1987) previously showed that circuit interactions play an important role in limiting the maximal frequency the pyloric network can produce in proctolin. The data presented here show that the ionic mechanisms underlying proctolin's actions will play a role in limiting the maximal excitation produced by proctolin. This suggests that cellular and circuit interactions are likely to act coordinately to produce a defined output from the pyloric network.
